INTRODUCTION
============

The recovery process of skin wounds involves complex biological mechanisms, but can be basically classified into three phases: 1) inflammatory, 2) granulation formation as the result of cell proliferation, and 3) tissue remodeling [@B001]. These processes occur as a result of interactions between inflammatory cells, fibroblasts, and keratinocytes which induce microenvironmental changes at the wound site [@B002]. Tissue remodeling of the dermis involves collagen as well as antioxidants and a balance of matrix-producing proteins and protease enzymes essential for the initiation of tissue remodeling during the recovery process of skin wounds [@B003].

Saponins are compounds extensively found in most plants which exist in a variety of types and are classified based on their internal structure [@B004]. Research has revealed that saponins can accelerate numerous biological activities including hemolytic [@B005],[@B006], anti-bacterial [@B007],[@B008], anti-viral [@B009],[@B010], and anti-oxidative functions [@B011]. In addition, saponins reportedly have anti-inflammatory activity which can reduce edema and skin inflammation [@B012],[@B013]. A saponin extracted from ginseng, known as ginsenoside, has been shown to accelerate neovascularization in burn wounds of the skin in mice, and increase vascular endothelial growth factor and interleukin (IL)- 1β which is one of the inflammatory cytokines known to induce the accumulation of macrophages at skin wound sites and accelerate wound healing [@B014]. However, according to previous studies, the recovery pattern of skin wounds caused by burns is reportedly quite different from that caused by physical injury or surgery [@B015]. Studies have reported some effects of saponins during the wound healing process; however, there is still insufficient information on surgical skin wounds. Thus, in this study, we produced surgical skin wounds and examined the effects of saponin during the wound healing process using histochemical and histomorphometric assessments.

MATERIALS AND METHODS
=====================

Animals
-------

ICR mice (*n*=24) weighing 45 to 55 g were purchased from Samtako (Osan, Korea). The mice were quarantined and acclimated for one week prior to use. The animals were housed in polycarbonate cages in a room maintained at 23±2℃, a relative humidity of 50±5%, artificial lighting from 08:00 to 20:00 h, and 13 to 18 air changes per hour. Tap water and commercial rodent chow (Samyang Feed, Daejeon, Korea) were provided ad libitum. The animals were blindly randomized into control (*n*=12) and total ginseng saponin (TGS, *n*=12) groups.

Animal model of incised skin wound
----------------------------------

Establishment of an animal model with an incised skin wound has been described previously [@B016]. Briefly, 6-week-old male ICR mice (*n*=24), weighing 45 to 55 g, were anesthetized by intraperitoneal injection of xylazine (Rompun^®^, 2 mg/kg; Bayerkorea, Seoul, Korea) and zolazepam/tiletamine (Zoletil 50^®^, 0.1 mg/kg; Virbac, Seoul, Korea). A scalpel was used to make four 1-cm-long incisions on the central dorsum skin layer. Specimens (1.5×2 cm^2^) were taken from the wound sites while anesthetized on days 1, 3, 5, and 7 post-wounding (*n*=3/group). Experiments conformed to the 'Principles of Laboratory Animal Care (National Institutes of Health publication no. 85-23, revised 1985)' and sought to minimize both the number of animals used and any suffering that might be experienced and were performed according to the Guidelines for the Care and Use of Laboratory Animals of Chonnam National University.

Total ginseng saponin
---------------------

TGS was provided by the Korea Ginseng & Tobacco Central Research Institute (Daejeon, Korea). The provided TGS contained 11 glycosides known as ginsenosides: Rb~1~ (15.82%), Rb~2~ (7.79%), Rc (8.06%), Rd (7.57%), Re (3.21%), Rf (4.72%), Rg~1~ (1.91%), Rg~2~ (22.08%), Rg~3~ (24.06%), Rh~1~ (4.63%), and Rh~2~ (0.15%). The TGS (20 mg/mL) was dissolved in saline and administered once subcutaneously prior to making the surgical skin wound in the treated group.

Histological analysis
---------------------

To compare changes between groups, mice were euthanized on days 1, 3, 5, and 7 post-wounding. Pictures of the wounds were taken with a digital camera (DMCFZ5GD; Panasonic, Kadoma, Japan) after attaching a ruler to the skin wound area. Skin samples from the wound area were taken and kept in 4% formaldehyde in phosphate-buffered saline (PBS, pH 7.4) for 24 h, then washed with PBS solution for 2 h, dehydrated using graded alcohol, clarified, and finally embedded into paraffin. Sections, 6-μm-thick, were cut with a motorized rotary microtome MT990 (RMC Products, Tucson, AZ, USA). Hematoxylin and eosin (H&E) staining was performed to measure the size of the wound area and detect any histomorphometric changes. To analyze the number of inflammatory cells, Giemsa staining was performed, and to analyze the collagen in the matrix formation, Masson's trichrome and picrosirius red staining were used. The wound area was measured the epithelium as well as the marginal area of the connective tissue. The number of inflammatory cells was counted at the left, right, and center of the wound area. The degree of keratinocyte migration was determined by measuring the size of the epithelial tissue rising from the edge of the wound, while wound contraction was calculated by measuring the distance between the edge of the wound and the damaged dermal layer. Stained tissue samples were observed using a polarizing microscope (Carl Zeiss, Goettingen, German), and the AxioVision LE release 4.6 (Carl Zeiss) image analysis program was used for all analysis.

Statistical analysis
--------------------

Data presented are mean values from three animal±standard deviations. Statistical analysis of the data was performed using a Student's *t*-test with a Bonferroni correction for analysis of multiple comparisons. Differences were considered significant at *p*\<0.05.

RESULTS
=======

Wound healing tendencies after saponin treatment
------------------------------------------------

To examine the effect of saponin on the wound healing process, changes in wound size on days 1, 3, 5, and 7 post-wounding were observed and compared between the untreated control group and the saponin-treated group. Wound size on day 5 in the saponin-treated group was much smaller compared to the control group, and by day 7, both sides of the incision were confirmed to be completely joined in the treated group ([Fig. 1](#F001){ref-type="fig"}).

![Differences of dermal wound size between control and saponin-treated groups. Wound size was gradually reduced in both groups from day 1 to day 7. In the saponin-treated group, the wound size was more reduced at days 5 and 7 compared to the control group.](grosbr-35-360-g001){#F001}

Histological and morphometric analysis of the skin wound healing following saponin treatment
--------------------------------------------------------------------------------------------

H&E staining was performed on wound tissue samples at various time points post-wounding. Most wound tissue appeared to have disintegrated in both the control and the saponin-treated groups, and scabs were observed. However, the amount of scab was smaller, epithelial cell migration was faster, and less residue in the dermal layer was found to exist in the saponin-treated group than in the control group. On day 5 post-wounding, epithelial cell migration was not complete in the control group, while in the saponin-treated group, it was almost complete and the amount of scab was less than in the control group. In addition, the amount of residue in the dermal layer in the saponin-treated group was confirmed to be much less compared to that of the control group. By day 7, all scabs had come off in both groups. Epithelial cell migration was fully complete in the saponin-treated group but the wound contraction rate appeared to be higher ([Fig. 2](#F002){ref-type="fig"}). Wound size tended to be reduced as time passed in both groups; however, by period, the wound sizes in the saponin-treated group were smaller than those of the control group during the wound healing process from days 3 to 7 ([Fig. 3](#F003){ref-type="fig"}). Furthermore, while the keratinocyte migration rate was similar on day 1 and tended to increase in both groups as time passed, the rate in the saponin-treated group appeared to be higher than that of the control group ([Fig. 4](#F004){ref-type="fig"}).

![Differences in wound area between control and saponin-treated groups during skin wound healing (H&E, ×40). The wound area of the saponin-treated group was larger than the control group at day 1 but smaller at days 3-7. Scale bar=200 μm.](grosbr-35-360-g002){#F002}

![The wound area of the saponin-treated group was larger than the control group at day 1 but smaller at days 3 to 7. This result was established based upon morphometric analysis of wounds tissues from control and saponin-treated groups. \**p*\<0.05.](grosbr-35-360-g003){#F003}

![Keratinocyte migration in wound tissue. The keratinocyte migration rate in the saponin-treated group was higher than that of the control group at days 3 to 7. \**p*\<0.05.](grosbr-35-360-g004){#F004}

Histological analysis of inflammatory cells and wound contraction rate during the skin wound healing process
------------------------------------------------------------------------------------------------------------

Giemsa staining was performed to analyze the number of inflammatory cells in the wounded area at different time periods. The largest cell numbers were seen on the first day post-wounding and gradually decreased over time. The number of inflammatory cells in the saponin-treated group was noticeably smaller on days 1 and 3 compared to the control group and tended to dwindle over time ([Fig. 5](#F005){ref-type="fig"}). However, the number of inflammatory cells in the saponin-treated group increased starting at day 5 and maintained until day 7 ([Fig. 6](#F006){ref-type="fig"}). The control group showed an increase in the rate of wound contraction on day 7 after being at a constant level from days 1-5, while the saponin-treated group showed a gradual increase in the rate of wound contraction reaching the highest level on day 7. Specifically, the wound contraction rate of the saponin-treated group was lower than the control group on day 1 but began to increase from day 3 similar to the control group, eventually becoming higher than the control group on days 5 to 7 ([Fig. 7](#F007){ref-type="fig"}).

![Differences in inflammatory cell recruitment between control and saponin-treated skin wounds (Giemsa, ×400). Inflammatory cells in the saponin-treated wounds were reduced from days 1 to 5 compared to control wound tissue, but increased at day 7. All tissues were stained with Giemsa. Scale bar=20 μm.](grosbr-35-360-g005){#F005}

![Inflammatory cells count analysis of wound tissues. Inflammatory cells were counted in three distinctive areas (left, right, and middle of wound area). Inflammatory cells of the saponin-treated group were reduced compared with the control group at days 1 and 3. However, at day 5 inflammatory cells of the saponin-treated group were increased compared to day 3, and at day 7 inflammatory cells of the saponin-treated group were more increased than the control group. \**p*\<0.05.](grosbr-35-360-g006){#F006}

![Wound contraction measurements between control and saponin-treated groups. Wound contraction in the saponin-treated group was higher than that of the control group from day 3 to day 5.](grosbr-35-360-g007){#F007}

Analysis of substrate formation in the wound healing process
------------------------------------------------------------

To confirm substrate formation in the dermis, Masson's trichrome and picrosirius red staining were performed and the disposition time of collagen was calculated. In the control group, collagen synthesis stained a pale blue was identified around the wound from day 3, and tended to be active more or less in the tissues at days 5 and 7 ([Fig. 8](#F008){ref-type="fig"}). As a result of confirmation of collagen disposition, collagen synthesis was first observed on day 5 and appeared to be increased on day 7. However, collagen synthesis was deeper in the saponin-treated group than the control group for the entire study period ([Fig. 9](#F009){ref-type="fig"}).

![Difference of accumulated collagen (blue color) in healing areas between control and saponin-treated groups (Masson's trichrome, ×40). Collagen in the healing area of control and saponin-treated groups gradually increased from day 1 to day 7. Aspects of collagen deposition in the saponin-treated group were greater than in the control group. Scale bar=100 μm.](grosbr-35-360-g008){#F008}

![Difference in accumulated collagen (bright red color) in the healing areas of control and saponin-treated groups (Picrosirius red, ×100). This result coincided with that of collagen staining. Scale bar=100 μm.](grosbr-35-360-g009){#F009}

DISCUSSION
==========

In mammals, wound healing involves a very prompt and efficient process in which bleeding from the wound is first stopped, then the damaged tissues are reformed, moisture is evaporated around the wound, and a functional defense membrane is formed to protect against microorganism penetration into the body. Skin wound healing can be classified into three phases which include the initial inflammatory reaction, re-epithelialization and granulation tissue formation, and finally tissue remodeling [@B017]. These classifications are based upon histological results or functional activities, but in fact, they overlap. For perfect healing to occur, interactions between cells and tissues which are deeply involved in these three phases are essential [@B018].

Blood coagulation is initiated by the formation of clots which form in combination with fibrin fiber bundles activated by blood coagulation factors and platelets. Fibronectin and vitronectin in blood plasma are included in the blood coagulation phase and temporarily form the substrate for cell migration. Keratinocytes migrate into this substrate and then proteinases work to form a scab around the wound. Growth factors and platelets secreted by the activated blood coagulation factors, complement components, and damaged cells, provoke the chemotactic stimulus [@B019]. While the blood coagulation process is in progress, neutrophils arrive first at the damaged tissue, within a few hours. The major function of the neutrophils is phagocytosis to eliminate infective agents at the site of damaged tissue, and provoke blood coagulation, inflammatory reaction, and healing activity by secreting various factors [@B020]. Next, monocytes arrive at the wound within two days and differentiate into macrophages, to perform phagocytosis and antigen presenting functions, secreting transforming growth factors-α and β, basic fibroblast growth factor, and platelet-derived growth factor to regulate the wound healing process [@B020].

Re-epithelialization and granulation tissue formation occur simultaneously within a few hours of the inflammatory reaction. Keratinocytes which exist around the edges of the wound and in residues of skin appendages begin to migrate into the wound and form a scab [@B019]. These keratinocytes are characteristically hyper-proliferative enabling them to fill the damaged epithelial layer and reform the basement membrane within two days after wound initiation, thereby restoring mutual cellular contacts. Through this process, keratinocytes differentiate to form the epidermal skin layer [@B019]. At almost the same time as fibroblasts located around the undamaged dermis begin to proliferate and migrate as a result of the stimulus caused by the aforementioned growth factors, granulation tissue formation is initiated [@B019]. Fibroblasts which migrate into the wound and proliferate synthesize proteoglycans, collagen type III, and collagen type I to reform the extracellular matrix around the wound [@B017]. Some fibroblasts differentiate into myofibroblasts and synthesize α-smooth muscle actin, which provides mechanical tension to pull the edges of the wound to provoke contraction and eventually promote wound closure [@B021]. New blood vessels appear in granulation tissue as a result of migration and proliferation of endothelial cells, which is stimulated by macrophages or keratinocytes and growth factors secreted from endothelial cells [@B019]. The dermis remodeling phase of skin wound healing involves the full growth of the wound accompanied by collagenous scarring. This phase is characterized by a reduction of fibroblasts by apoptosis and removal of damaged blood vessels. The residual fibroblasts rearrange the collagen fiber to recover the original tension of the skin, repeating collagen deposition and degradation for several months; however, the original skin tension before being damaged can never be fully recovered [@B019],[@B022].

There are various medicines available to assist in skin wound healing, ranging from disinfectants such as ethyl alcohol, iodine, and ether, to ointments contained various antibiotics and steroid hormones, which can injure not only invading cells but also normal cells, as well as induce the emergence of resistant bacteria and cause various hypersensitivity reactions [@B023]. From ancient times, various natural substances have been widely used for wound healing, anti-aging, and the treatment of other diseases [@B024]. Among such extracts, the polyphenol compounds are known to be strong antioxidants capable of neutralizing free radicals by combining with active oxygen [@B024]. A hydroxyl group attaches to an aromatic ring of a polyphenol compound which combines with free radicals which appear during the metabolic process and form neutralized stable phenoxyl radicals [@B025]. Free radicals with which polyphenol compounds are combined are superoxide radical anions, hydroxyl radicals, lipid peroxyl radicals, nitric oxide radicals, and peroxynitrites. All of these have been known to play a significant role not only in the biological environment but also in the treatment of diseases [@B026].

Radicals produced by wounds are largely superoxide radical anions produced by neutrophils and macrophages, and also play an important role in mechanisms which remove microorganisms and pathogens [@B027]. Superoxide radical anions are quickly transformed into hydrogen peroxide (H~2~O~2~) which is able to permeate microorganisms or pathogenic cell membranes by superoxide dismutase, promoting the formation of hypochlorous acid, chloramines, and aldehyde which are all maintained in more stable forms than H~2~O~2~, and are characterized by long half-lives. Thus, when H~2~O~2~ substances remain in the wound for extended periods, acute inflammatory reactions likely to damage even normal cells may occur [@B028].

Saponins are plant extracts endowed with extensive biological activities. The promotion of anti-oxidants and anti-inflammatory reactions are included among their functions [@B004]. Saponins are one of various types of glycosides existing in higher orders of plants [@B029]. Saponin types are classified and named based on internal structure. In particular, a certain saponin referred to as fruticesaponin B is known to have very high anti-inflammatory activity [@B012]. Navarro *et al*. [@B013] reported that saponins may have high or low activity depending upon their internal structure. In fact, only two types of saponins tested reduced neutrophil entry to wounds thereby lessening chronic skin inflammatory reactions. In this study, the wound healing rate in the saponin-treated group progressed much farther than the control group at day 5, and both sides of the incisional wounds was fully joined at day 7. The wound area shrunk more in the saponin-treated group than the control group during all time periods evaluated with the exception of day 1, and the rate of keratin cell migration in the saponin-treated group appeared to be higher than the control group during all periods except day 1. Other research reported that the burn wound area in a saponin-treated group gradually increased up to day 4 then gradually decreased until day 20, while, in a control group, the burn wound area gradually increased up to day 8 and then tended to diminish in size [@B014]. It is assumed in this case that the long lead time in healing the burn wound was the result of an inflammatory reaction around the burn wound which persisted longer [@B030]. In addition, it was reported that saponin increased the expression of factors relevant to proliferation, and consequently, promoted the proliferation of epidermal cells [@B031]. Likewise, in our study, we found the rate of keratin cell migration involved in re-epithelialization to be faster in the saponin-treated group than in the control group. Therefore, it is assumed that saponin not only enhances epidermal cell proliferation but also promotes keratin cell migration. When the influx of inflammatory cells was measured after wounding, the number of cells in the saponin-treated group tended to be obviously less and diminish at day 1 and day 3 compared to the control group, but appeared to have a tendency to be increased from day 5, and eventually the number of inflammatory cells appeared to be greater in the treated group than the control group at day 7. Even in the study by Kimura *et al*. [@B014], the number of leukocytes and macrophages appeared to increase up to day 9 after a burn wound, reportedly due to the expression of IL-1β by hypoxia-inducible factor-1 α which induced the accumulation of macrophages. Accordingly, it is assumed that saponin was involved in the inhibition of the inflammatory reaction at the early stage. Furthermore, wound shrinkage measurements appeared to be sharply increased from day 3 on. Matrix remodeling analysis confirmed that matrix synthesis was promoted in the saponin-treated group compared to the control group. A recent study revealed that when saponin was used to treat skin tissue exposed to ultraviolet rays, collagen synthesis of fibroblasts was increased and expression of matrix metalloproteinases was inhibited [@B032]. Furthermore, it was also revealed that saponin increased collagen synthesis in skin fibroblasts through phosphorylation of Smad 2 protein [@B033]. Thus, it is assumed that saponin will promote the re-synthesis of matrix at the site of a skin wound.

These findings indicate that saponin not only promotes re-epithelialization of the wound but also effectively inhibits inflammatory reactions during the early phase, and promotes matrix synthesis throughout the wound healing process. Based upon this information, saponin is beneficial in healing incisional skin wounds.
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